HYPOTHERMIA appears to have a definite place in surgery, and the production and control of this state is often the responsibility of the anaesthetist. It is, therefore, important that he should be familiar not only with the means by which cooling may be achieved, about which much has been written, but also with methods of measuring the temperature.
The concept of "body temperature" whilst adequate for most clinical purposes, is not sufficiently precise for induced hypothermia, where there may exist considerable differences in temperature between various parts of the body. Since cardiac arrhythmia, the factor limiting the degree of cooling, appears to depend on the temperature of the heart itself, it seems logical to try and measure this temperature. The careful work of Cooper and Kenyon (1957) has shown that the temperature measured in the oesophagus at heart level is very close to that in the aorta which may, however, differ from the rectal temperature by two or three degrees centigrade.
These considerations should be borne in mind when deciding on the site at which temperature is to be measured. The site, in turn, will influence the method to be adopted.
Though an indicating instrument is adequate in many situations, a recording device which will plot temperature against time is clearly desirable. At present accurate recording thermometers suitable for use in the operating room are expensive and not generally available; hence most anaesthetists will have to make do with simpler apparatus.
Whilst mercury-in-glass thermometers are most frequently used to measure temperatures in the range 20°C to 40°C there can be certain objections to their use in surgery.
If a patient's rectal temperature is measured in this fashion there is some risk of the thermometer breaking when the patient is moved. In addition, it may prove inconvenient to read the thermometer regularly. The rigid construction of the mercury-in-glass thermometer also prohibits its use for taking oesophageal temperatures. Some of these disadvantages may be removed by the use of a mercury vapour thermometer. In this type mercury vapour is contained in a bulb connected to a Bourdon pressure gauge by means of a length of capillary tubing. The vapour pressure changes with alterations in temperature and the dial of the gauge is calibrated in degrees. Readings may now be taken at a point distant from the site of the bulb, but the system is nonrecording.
Although recording mercury-in-glass thermometers are made (Cambridge Instrument Co., 1935) they record on photographic paper and are not generally encountered in medical practice. Some form of electrical temperature measuring system is commonly used and is essential when a recording is to be taken. The actual choice of a method depends upon the position at which the temperature-sensitive element is to be placed, and also upon what is available in the way of recording equipment
The three commonly used systems are the Electrical Resistance Thermometer, the Thermocouple and the Thermistor Bridge. Each of these will now be discussed in detail.
THE ELECTRICAL RESISTANCE THERMOMETER
In principle, any property of a substance which is temperature-dependent can form the basis of a thermometer system. For example, when a metal wire is cooled its electrical resistance decreases progressively as the temperature is lowered. The wire is made to form one arm of a Wheatstone 22 bridge network which is balanced at some given temperature. If the wire coil is mounted in a suitably shaped probe it can be used to measure rectal or oesophageal temperatures. The alteration of the wire resistance with changing temperature causes the bridge to become unbalanced.
For the case where electrical recording is not required, the change in wire resistance is measured directly and converted into temperature change, using a previously prepared calibration curve. The changes in resistance encountered are small, and the simple Wheatstone bridge is not sufficiently sensitive to determine them accurately. For resistance thermometer work some form of slide wire bridge is used (Mitton, 1948) , or a sensitive ohmeter circuit.
In order to obtain a reproducible calibration a pure metal wire must be employed. Normally it has a resistance of a few ohms, and platinum, copper or nickel are used. The leads connecting the thermometer coil to the bridge may have a resistance which is significant compared with that of the coil. To prevent changes in lead resistance with changes in ambient temperature from affecting the bridge balance, an additional dummy set of leads is used. These are identical in construction with the true leads and are included in the opposite arm of the bridge to the true leads. Any change in the bridge balance due to one set of leads is thus automatically cancelled out by a similar change in the opposite set.
When a bridge network becomes unbalanced, a voltage is developed across the terminals of the detector. This voltage is a function of the temperature change. With suitable amplification it can be made to operate a pen recorder.
Although it is not in general use in this country, the multi-channel recording equipment manufactured by the Sanborn company of America can be readily used for recording temperature as well as other parameters. With the Sanborn pre-amplifier Type 150-1100" a 3-ohm copper coil is used as one arm of an A.C. bridge energized at 2,400 c.p.s. The system has worked well during experiments with dogs undergoing hypothermia.
Alternatively, the out-of-balance voltage appearing across the bridge detector can be applied to a simple servo system. A motor driven potentiometer is arranged to develop a voltage which is equal and opposite to that appearing across the detector. The rotation of the potentiometer slider is thus proportional to the voltage and hence to the temperature change, and is made to actuate the recording pen.
The resistance thermometer coil can be mounted into a rectal or oesophageal probe (Soderstrom, 1933) , but because of its size, it is not suitable for use with the fine probes needed for neurosurgical work.
THE THERMOCOUPLE
If two wires composed of different metals are joined end to end to form a closed electrical circuit, a current will flow in them when the two junctions are maintained at different temperatures. Such a circuit constitutes a thermocouple.
The current flows as a result of the thermal electromotive force which has been developed, and this e.m.f. depends upon the temperature difference of the junctions. If one junction is kept at a constant reference temperature, the thermal e.m.f. can be used as a measure of the temperature of the second junction. Precautions to be taken to avoid unwanted thermal e.m.f.s which may arise are given by Burton (1948) .
Suitable combinations of wire materials for use in hypothermia are copper and constantan, or iron and constantan. Constantan is an alloy consisting of 60 per cent copper, 40 per cent nickel, developed for making standard resistors.
With one junction kept at 0°C and the second at 38 °C, a copper constantan thermocouple will generate an e.m.f. of some 1.5 millivolts. This order of voltage can be measured directly with a sensitive galvanometer. Compact commercial instruments are available. A reflected light beam is used as a pointer and the instrument scale is calibrated directly in temperature. A description of a thermocouple meter and a resistance thermometer is given by Hartmann & Braun Ltd. (1950) .
For greater accuracy, the e.m.f. of a thermocouple may be measured with a standardized precision potentiometer (Starling, 1947) . In this type of instrument the voltage measured is referred to a Weston cadmium-mercury standard cell whose e.m.f. is accurately known. Krog (1954) has discussed the design of needle thermocouples. Providing that the same reels of wire are used in the manufacture of a batch of thermocouples very reproducible results can be obtained from couple to couple.
The graph of e.m.f. versus temperature for a copper-constantan thermocouple is practically a straight line over the range 18 °C to 40 °C. Recorders for use with thermocouples are in everyday use, but recording from a thermocouple presents some difficulties. Ten years ago it was not possible (Burton, 1948) . The small D.C. voltage generated By the thermocouple is usually converted into an A.C. voltage by means of a vibrator (Dauphinee and Woods, 1955) . This is stepped up by a specially designed transformer and amplified by an amplifier tuned to the vibrator frequency. A typical modern example of this type of amplifier is the Sanborn Model 150-1500 low level pre-amplifier.
The output of a thermocouple may also be fed directly into the input of a continuously selfbalancing potentiometnc pen recorder (Coombes and Hinderwell, 1950) . This type of recorder is very widely used in industry and has a chart width of some 10 inches. Full scale sensitivities of down to half a millivolt are available.
Another form of amplifying system in current use with thermocouples for hypothermia is the "D.C. Amplifier and Microvoltmeter" manufactured by Messrs. Pye Ltd. (Banner, 1958; Cooper and Kenyon, 1957) . The output from the thermocouple is applied to a conventional galvanometer which carries an additional "pick-up coil". This coil rotates in an alternating magnetic field which BRITISH JOURNAL OF ANAESTHESIA induces an A.C. voltage in the coil. The coil voltage is amplified and fed into a panel meter and recorder. Some of the voltage is fed back to the thermocouple galvanometer as a negative feedback such as to reduce the original deflection. This ensures that the gain of the whole system is very stable.
THE THERMISTOR BRIDGE
A thermistor consists basically of a semiconductor material which is characterized by having a large negative temperature coefficient of resistance (Sillars, 1942) . Thus if it is cooled its resistance will increase and, because the change in resistance is large, a simple Wheatstone bridge will suffice. The thermistor material is usually a mixture of nickel, manganese and cobalt oxides.
A thermistor bead embedded in the wall of a glass envelope, e.g. the Standard Telephones and Cables Ltd., Type F, forms a convenient basis for the construction of a rectal or oesophageal probe.
Miniature bead thermistors such as the Mullard VA 2100 series are available. With care we have mounted them in 20 B.W.G. hypodermic needles of approximately 0.030 inch internal diameter. For the smallest needle probes, however, a thermocouple must be used.
A suitable bridge circuit is shown in figure 1 . It is similar to that of Brummeter and Fastie (1947) . The bridge detector meter can be switched with switch S 2 to check that the bridge supply voltage is constant at 2 volts. Rheostat R is calibrated directly in degrees from 22 °C to 40° C. As a safety precaution, switch S, shunts the meter until the final balance is made. The thermometer is conveniently calibrated against a good quality mercury-in-glass thermometer suspended in a circulating water bath.
The usual manufacturing tolerances on the resistance of thermistors are ± 20 per cent at a given temperature. If it is desired to use two probes with a particular apparatus a pair of thermistors with matched resistance/temperature characteristics must be obtained from the manufacturers.
Differences in the characteristics of individual thermistors can be a source of inconvenience when it is required to use a large number of probes with one measuring apparatus. Bleakley (1951) and Maclean (1954) have suggested a circuit modification to minimize this effect.
As in the case of the electrical resistance thermometer, the out-of-balance voltage appearing across the bridge detector may be amplified and used as a measure of the temperature change. A high gain stability D.C. amplifier is needed and for this purpose an amplifier such as the Sanborn A.C.-D.C. pre-amplifier type 150-1000 is suitable.
A simple self-contained recording thermistor thermometer has been described by Melville (1958) . The thermistor is used in an A.C. bridge energized at 50 c.p.s. The 50 c/s voltage appearing across the bridge detector is amplified with a three-valve amplifier using considerable negative feedback and operates a pen recorder.
The need for better methods of temperature measurement and recording during hypothermia is becoming apparent. Instruments are now available for this purpose, but they are usually rather complicated and expensive when a recording is required.
SUMMARY
The advantages of electrical methods of measuring temperatures during hypothermia are des-cribed. The electrical resistance thermometer, thermocouple and thermistor bridge are treated in detail, and the suitability of each system for various kinds of probe is discussed. The possibilities of recording the temperature changes on a chart recorder are examined for each system.
